Abstract: Polymerase chain reaction (PCR) has been one of the principal techniques of molecular biology and diagnosis for decades. Conventional PCR platforms, which work by rapidly heating and cooling the whole vessel, need complicated hardware designs, and cause energy waste and high cost. On the other hand, partial heating on the various locations of vessels to induce convective solution flows by buoyancy have been used for DNA amplification in recent years. In this research, we develop a new convective PCR platform, capillary loop convective polymerase chain reaction (clcPCR), which can generate one direction flow and make the PCR reaction more stable. The U-shaped loop capillaries with 1.6 mm inner diameter are designed as PCR reagent containers. The clcPCR platform utilizes one isothermal heater for heating the bottom of the loop capillary and a CCD device for detecting real-time amplifying fluorescence signals. The stable flow was generated in the U-shaped container and the amplification process could be finished in 25 min. Our experiments with different initial concentrations of DNA templates demonstrate that clcPCR can be applied for precise quantification. Multiple sample testing and real-time quantification will be achieved in future studies.
Introduction
Polymerase chain reaction (PCR) is a basal and general technique in the field of molecular diagnosis and biological research [1] . The main principle is based on repeating and cycling of three temperatures for performing the three major steps of DNA amplification: denaturation, annealing and extension. Based on this principle, the PCR machine can amplify millions of DNA copy numbers in vitro via digital temperature control. This conventional PCR platform generally applies heat conduction with metal blocks or forced convection by air to heat the whole tube containing the PCR buffer mixture [2] . However, the dedicated heating component and insulating structure design are indispensable for the purpose of rapid and precise temperature control. This implies high cost when manufacturing and energy waste during high speed heating and cooling. In this decade, microfluidics technology has developed rapidly and has been applied to the field of PCR [3] [4] [5] [6] [7] [8] . This platform pumps a low volume of PCR buffer to pass through two or three constant-temperature zones repeatedly. It can shorten the whole reaction time dramatically, but using an external syringe pump and the complex and delicate fabrication of the pipeline are issues for commercial usage.
Recently, the concept of natural convection has been utilized for DNA amplification. The first research group used one plastic hollow cylinder as a reagent container and clamped the two opening ends of the cylinder by metal blocks [9, 10] . The temperature gradient was created when heating metal blocks with different temperatures. The phenomenon of Rayleigh-Bénard convection occurs in the cavity of the container, and soon formed the steady flow and temperature field. Therefore, without heating and cooling the container repeatedly, reagents circulate spontaneously and then experience three amplification processes at corresponding temperature zones to amply millions of target DNA copy numbers within one hour. Afterward, our research group established a convective capillary PCR (ccPCR) technique [11] . For the purpose of the convenience of liquid handling, the glass capillary tube as a reagent container was used in this platform. Another feature of ccPCR utilizes only one isothermal heater at the bottom of a capillary tube. When the system reaches thermal equilibrium, the steady flow fields are developed and the reagents are ready to amplify DNA fragments in the tube. Although ccPCR is simple and easy-to-use, the efficiency of amplification could be varied because solutions could circulate around either the inner or outer paths [12] [13] [14] [15] . This consequence is unfavorable for the quantification of copy numbers.
Therefore, we proposed a new PCR platform, capillary loop convective polymerase chain reaction, clcPCR, to improve the amplification efficiency. It can generate one direction flow and make the PCR reaction more stable. The U-shaped loop glass capillaries with 1.6 mm inner diameter are designed as PCR reagent containers. The clcPCR platform also utilizes one isothermal heater for heating the bottom of the loop capillary and detects the amplifying fluorescent signals in real-time with a charge-coupled device (CCD). We also amplified three (high/medium/low) different initial concentrations of DNA templates and analyze individual fluorescent curves. The plot of DNA copy numbers and fluorescent thresholds represent the result of R 2 = 0.977, which means clcPCR can offer the ability of precise quantification. The whole reaction can be completed in 25 min. Multiple sample testing and real-time quantification will be studied in the future.
Materials and Methods

Experimental Equipment
U-Shaped Loop Capillaries
In this research, the U-shaped loop glass capillaries are used to test the PCR. The physical dimension of the reactor is shown in Figure 1a . The outside diameter, inner diameter, and radius of curvature of the U-shaped loop capillaries are 4, 1.6 and 5 mm, respectively. To produce a closed loop, two positions of the tube are burnt though and connected with a short capillary. As shown in Figure 1a , the height of the higher position of connection is 45 mm and the height of the lower position of connection is 40 mm. Such an inclination is designed for maintaining the one-directional flow in the U-shaped loop capillaries. The width and length of the U-shaped loop are 10 and 60 mm, respectively. The convective reactor is made with lampworking techniques and the volume of it is 240 µL. The properties of glass provide a smooth surface and hydrophilicity, greatly decreasing the formation of bubbles in loop capillaries. Furthermore, the high optical transparency of the glass is suitable for observing the flow field and fluorescent signals. 
Heating System
A dry bath incubator with a temperature range setting of 0-180 °C is used as the single heater to maintain the required temperature gradient in the loop for clcPCR. An aluminum heating block with the top surface machined with a rectangular-shaped seat (15.4 mm × 6 mm × 3 mm) is placed in the dry bath incubator. In the PCR process, the bottom of the U-shaped loop capillary is heated with the aluminum heating block where the 70 μL mineral oil (M5904, Sigma-Aldrich, Saint Louis, MO, USA) is injected in order to obtain uniform and stable heating.
Fluorescence Detection
The optical detection system, as shown in Figure 1b , is constructed to observe the fluorescence generated by SYBR Green fluorescent dye in the U-shaped loop capillaries, and an acrylic cabinet is placed on top of the dry bath incubator to fulfill fluorescence detection and decrease interference of light from the environment. The loop capillaries with SYBR Green reagent are illuminated by the row of blue LEDs (5 mm diameter, 470 nm wavelength, 2130 mcd luminous intensity, 30 degree viewing angle, produced by Cree company, Durham, NC, USA), and the fluorescence image is recorded by a CCD device (C920, Logitech company, Lausanne, Switzerland). The position of CCD enables us to detect the front view of the U-shaped loop capillaries, and the blue LED is tilted down at an angle of approximately 30° away from the CCD detector to avoid direct exposure.
Reagent
Each PCR reaction contained 10 μL DNA template, 24 μL of LightCycler ® FastStart DNA Master PLUS SYBR Green I Mixture (Taq DNA polymerase, PCR reaction buffer, 10 mM MgCl2, and dNTP mixture; Roche company, Penzberg, Upper Bavaria, Germany), 28.8 μL of 25 mM MgCl2, 4.8 μL of 10 mM each primer, and 167.6 mL of double-distilled water. The cycling conditions for the traditional thermal cycler (TGradient, Biometra, Göttingen, Germany) were: 95 °C for 10 min (one cycle); 95 °C for 15 s, 65 °C for 30 s, and 72 °C for 30 s (40 cycles). Two microliters of PCR or clcPCR products were run on a 2.5% agarose electrophoresis gel (MJ-105, Shorter Mini Gel System, Blossom Biotechnologies Inc., Taipei, Taiwan) containing 1 mg/mL ethidium bromide submerged in 1XTris-acetate-EDTA(Ethylenediaminetetraacetic acid) (TAE) buffer at 100 V for 40 min. 
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The Observation of Flow and Temperature Field
The Internal Flow Field
To obtain the verification of convective flow in the U-shaped loop, tracer particles are used to visualize the flow field. A camera is used to record the front view of the U-shaped loop, and then the video is analyzed with software (Photoimpact 10, Ulead System Inc., Taipei, Taiwan). The diameter of tracer particles (DANTEC, polyamide seeding particles) are 50 µm, and the density is 1.03 g/cm 3 on average. It is similar to water so the path line of particles can imitate the flow field of reagents during the PCR process. The captured images from the recorded video, the visualization of the flow field, as shown in Figure 2a 
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Temperature Measurement
The maximum and minimum temperatures are the key points of the experiments because they have an influence on denaturing and annealing during the PCR process. This means that the temperature distribution should be confirmed in the capillary tube before applying DNA amplification. With using an infrared sensor (EasIR-4, Wuhan Guide Infrared Co., Ltd., Wuhan, China), a record of the temperature distribution was made after heating the loop capillary tube for 10 min. Under the bottom temperature being 135 °C and the ambient temperature being 25-26 °C, the maximum temperature is located at the right side bottom and the minimum temperature is at the left side of the middle of the loop containers (Figure 2b ). The t-type thermocouple measurement is also operated to ensure the temperature distribution is in the range of PCR reaction. The heating time is 1500 s and the stable range (500-1500 s) is recorded and analyzed. It shows that the average of high temperature is 94.6 °C, with a maximum value of 96.0 °C and a minimum value of 93.3 °C (standard 
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Results and Discussion
Firstly, the study conducts qualitative experiments to check the reproducibility and sensitivity of the amplification. Secondly, we work on the quantitative experiment to verify the fluorescent PCR signal and distinguish the different initial concentrations of DNA templates through clcPCR. Hepatitis B Virus (HBV) DNA is amplified by clcPCR and the size of the amplicon is 96 base pairs (bps). The primer sequence is shown in Table 1 . Every test was triplicated to verify the stability of the clcPCR platform. The initial concentration of the template is 6 × 10 6 copies/tube, and the traditional PCR machine was also implemented as the control group with the condition of 95 • C for 10 min and forty cycles repeated (one cycle with 95 • C denaturing for 5 s, 72 • C annealing for 10 s, and 72 • C extension for 10 s). The electrophoresis data shows clcPCR amplified the correct size of DNA fragment, showed in Figure 3a . To verify the linear range of detection, different initial concentrations of HBV DNA were tested with 6 × 10 6 copies/tube, 6 × 10 4 copies/tube, and 6 × 10 2 copies/tube. The same samples were also amplified by the traditional PCR machine as the control group. According to the amplification results of different initial concentrations (Figure 3b ), clcPCR can amplify HBV DNA from high to low concentrations within 25 min. 
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Conclusions
This work presented a new PCR platform, capillary loop convective polymerase chain reaction (clcPCR), which can make convective PCR more stable. The results of clcPCR showed that the polymerase chain reaction could be completed in 25 min. In addition, the fluorescent intensity of clcPCR could be observed and the quantitative results were plotted. The plot of DNA copy numbers and the fluorescent threshold shows that the result of R 2 = 0.977. The multiple sample testing and real-time quantification will be investigated in the future.
